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ABSTRACT 70 

To preserve the integrity of their genome, bacteria rely on several genome maintenance 71 

mechanisms that are coordinated with the cell cycle. All members of the Vibrio family have a 72 

bipartite genome consisting of a primary chromosome (Chr1) homologous to the single 73 

chromosome of other bacteria such as Escherichia coli and a secondary chromosome (Chr2) 74 

acquired by a common ancestor as a plasmid. In this review, we present our current 75 

understanding of genome maintenance in Vibrio cholerae, which is the best studied model 76 

for bacteria with multipartite genomes. After a brief overview on the diversity of Vibrio 77 

genomic architecture, we describe the specific, common, and coordinated mechanisms that 78 

control the replication and segregation of the two chromosomes of V. cholerae. Particular 79 

attention is given to the unique checkpoint mechanism that synchronizes Chr1 and Chr2 80 

replication.  81 
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INTRODUCTION 

 

Bacteria use sophisticated mechanisms to maintain the integrity and stability of their 82 

genomes. These mechanisms become more complex as the number of replicons increases. 83 

Bacterial genomes were long thought to be composed of a single chromosome and 84 

accessory plasmids, but the discovery of large secondary replicons of plasmid origin (i.e., 85 

megaplasmids, secondary chromosomes) in about 10% of bacteria from various lineages, 86 

has raised new questions regarding the maintenance of these genomes. A growing body of 87 

research indicates that chromosomes and large secondary replicons probably communicate 88 

to coordinate their maintenance with the bacterial cell cycle (1-7). This coordination can 89 

occur at different stages of the bacterial cycle, such as during replication, segregation, and 90 

cell division, to guarantee a proper distribution of the genetic material to the next generation. 91 

This review article explores the bipartite genomic organization of the Vibrio family, with a 92 

focus on replication, segregation, and cell division in Vibrio cholerae, the best-studied 93 

representative of the family and the pathogen responsible for cholera. The V. cholerae 94 

genome consists of two essential replicons, a main chromosome (Chr1) and a secondary 95 

chromosome (Chr2). Chr2 is also sometimes called a "chromid" as it has features of both 96 

plasmids and chromosomes (8). It is believed that Chr2 was acquired by a Vibrio ancestor as 97 

a plasmid and coevolved with Chr1, which transferred several housekeeping genes to Chr2 98 

(9). While most of the core genes reside on Chr1, Chr2 is enriched in species- and strain-99 

specific genes and provides a platform for the acquisition of new adaptive functions (10). 100 

Each chromosome has its own replication system. Chr1 is initiated by the universal bacterial 101 

chromosome replication initiator DnaA, while Chr2 is initiated by the initiator RctB, which 102 

shares structural similarities with iteron plasmid initiators. Despite using distinct initiators, 103 

Chr1 and Chr2 have evolved by incorporating a unique checkpoint mechanism that allows 104 

them to communicate to coordinate their replication. At the segregation level, Chr1 and Chr2 105 
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use both specific players, such as their own ParAB partition machineries, to segregate the 106 

chromosome origins along the cell length, and common actors, such as the FtsK DNA 107 

translocase, which segregates the chromosome termini across the closing septum during cell 108 

division. In this review, we provide a comprehensive understanding of the mechanisms that 109 

evolved to maintain the bipartite genome of V. cholerae through comparisons with the well-110 

studied E. coli chromosome and iteron plasmids. 111 

ORGANIZATION OF VIBRIO GENOMES 112 

The Vibrionaceae family exhibits a conserved bipartite genome organization (Fig. 1, Table 113 

S1), with Chr1 ranging in size from 2.5 Mb to 4.3 Mb (median = 3.3 Mb) and Chr2 from 0.6 114 

Mb to 2.5 Mb (median = 1.7 Mb) (Table S2). This level of conservation is particularly high 115 

compared to other bacteria with multipartite genomic architecture, where the presence of 116 

secondary replicons is usually conserved within a single genus (8, 11). The high 117 

conservation of the bipartite genome throughout the Vibrionaceae family suggests that this 118 

genomic architecture is under positive selection. In V. cholerae species, Chr1 and Chr2 are 119 

relatively smaller (about 3Mb and 1 Mb respectively) compared to the rest of the 120 

Vibrionaceae (Table S2). There are also a few known examples of mono-chromosomal 121 

strains of V. cholerae resulting from a fusion between Chr1 and Chr2 (12-14). The reason for 122 

the stability of these fusions in a natural environment is puzzling, especially since under 123 

laboratory conditions, when chromosome fusions have been obtained to compensate for a 124 

Chr2 replication defect, they tended to spontaneously reverse to a bipartite genome 125 

configuration via the acquisition of compensatory mutations (15). Similar examples of natural 126 

fusion between large replicons have been reported in other bacteria with multipartite 127 

genomes – Sinorhizobium meliloti (16), Agrobacterium tumefaciens (17) and Cupriavidus 128 

necator (18). 129 

The genetic information of the Vibrionaceae is not equally distributed between Chr1 and 130 

Chr2. The pangenome of 124 complete Vibrionaceae genomes shows that most of the core 131 
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genes are located on Chr1, while Chr2 contains more species- and strain-specific genes 132 

(19). This imbalance in gene content is also found in other multipartite bacteria (8). Chr2 can 133 

be seen as an adaptive platform into which new genes can be incorporated without 134 

disrupting the conserved organization of Chr1 (10). As in other bacteria, V. cholerae Chr1 135 

has been shown to be organized in a manner that provides the highest fitness. This 136 

organization is due, at least in part, to the way Chr1 is replicated (20). Chr1 has been shown 137 

to carry more growth rate-related genes, such as the rRNA operon and ribosomal genes, 138 

close to its replication origin (19, 21). This may be partly explained by the fact that the 139 

products of these genes are in increased demand under rapid growth conditions, when 140 

multiple simultaneous replication rounds occur, increasing the dosage of genes lying around 141 

the ori1 (21). However, it has been proposed that this organization is also important under 142 

free-growth conditions, indicating that it may have evolved for reasons that are independent 143 

of gene dosage, such as the importance of the localization of the expression of certain genes 144 

in the cell (which is due to the specific localization of particular Chr1 fragments) or the effect 145 

of their expression on the overall fluidity of the cytoplasm (22, 23). 146 

In addition to the bipartite core genome, Vibrionaceae strains carry a highly variable set of 147 

plasmids that are not essential for host cell growth, but may have some adaptive functions 148 

(Fig. 1) (8, 24). Interestingly, when comparing plasmid abundance in Vibrionaceae and V. 149 

cholerae, we observe a much lower presence of plasmids in the latter (Table S2). This is due 150 

to a sub-branch of V. cholerae, the El Tor type, which has been extensively sequenced 151 

because of its prominent role in cholera epidemics and which does not carry plasmids. The 152 

absence of plasmids in V. cholerae El Tor is due to the presence of defense systems located 153 

in two genomic islands (Vibrio pathogenicity island 2, VPI-2, and Vibrio seventh pandemic 154 

island II, VSP-II) that render plasmids unstable and eliminate them from the population (25).  155 

REPLICATION OF THE BIPARTITE GENOME OF V. CHOLERAE 156 
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V. cholerae El Tor N16961 is one of the most studied members of the Vibrionaceae family, 157 

and its genome was one of the first to be sequenced (26). It consists of a 2.96 Mb Chr1 and 158 

a 1.07 Mb Chr2. Distinct mechanisms initiate replication of Chr1 and Chr2. Chr1 follows a 159 

chromosome-like initiation process, while Chr2 has an initiation mechanism similar to that 160 

found in iteron plasmids (27, 28). Despite their difference, both chromosomes replicate in a 161 

coordinated manner (7). This intriguing observation in V. cholerae led to its extensive study 162 

to better understand the mechanisms that govern the coordinated replication of its two 163 

chromosomes. 164 

Chr1 replication initiation control is analogous to that of the E. coli chromosome. 165 

Chr1 origin of replication. Chr1 replication is initiated by the universal bacterial initiator 166 

DnaA, as is the case for E. coli chromosome replication. The Chr1 replication origin (ori1) in 167 

V. cholerae shares a significant level of sequence identity (58%) with the replication origin of168 

the E. coli chromosome (oriC) (Fig. 2). Both origins contain five strong DnaA boxes, an AT-169 

rich region and an IHF box. Furthermore, the DnaA proteins of V. cholerae (DnaAVc) and E. 170 

coli (DnaAEc) show a high level of amino acid identity (79%). In fact, a plasmid carrying ori1 171 

can replicate in E. coli (28), and ori1 can effectively replace oriC in the E. coli chromosome 172 

(29, 30). These results reveal that the DnaAEc-oriC and DnaAVc-ori1 systems are functionally 173 

interchangeable.  174 

In E. coli, several regulatory mechanisms work together to ensure adequate initiation of 175 

chromosome replication at all growth rates (31, 32). While these pathways have not been 176 

directly studied in V. cholerae, many are thought to be present based on the presence of 177 

homologs of key regulatory genes and DNA sequences in its genome. However, certain 178 

variations exist, such as the absence of a homolog of Hda in V. cholerae and differences in 179 

the stringent response. These aspects are discussed in more detail in the subsequent 180 

sections. 181 
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Post-initiation inactivation of ori1 by SeqA. Both E. coli oriC and V. cholerae ori1 are 182 

characterized by an overrepresentation of GATC motifs (Fig. 2A) (29, 30). Like E. coli, V. 183 

cholerae contains the Dam methylase that methylates the adenine of the GATC motif 184 

throughout the genome (33). Following the passage of the replication fork, GATC motifs 185 

become transiently hemi-methylated and are specifically recognized by the SeqA protein. In 186 

E. coli, SeqA binding at oriC prevents immediate replication re-initiation by impeding the 187 

recruitment of DnaA (34). In V. cholerae, the deletion of seqA leads to over-initiation of 188 

replication at ori1, indicating a similar role to that of SeqA in E. coli (29). 189 

DnaA inactivation. DnaA exists in two nucleotide-bound forms: DnaA-ADP and DnaA-ATP. 190 

DnaA-ATP is the active form of the protein and is responsible for the initiation of DNA 191 

replication. DnaA-ADP is the inactive form and has a lower affinity for DNA. The switch from 192 

DnaA-ATP to DnaA-ADP is critical to regulate chromosome initiation (31). In E. coli, the 193 

Regulatory Inactivation of DnaA (RIDA) is facilitated by the interaction of DnaA with ATP-194 

bound Hda (homologous to DnaA) (35). It is unclear whether RIDA occurs in V. cholerae as it 195 

does in E. coli, given that no homologue of Hda has been identified (27). In E. coli, the 196 

second system of direct inactivation of DnaA involves its binding to a specific chromosomal 197 

region called datA (datA-dependent DnaA-ATP hydrolysis, DDAH) (36). V. cholerae Chr1 198 

harbors a putative analog of the datA site, located within the same genomic context as the 199 

orn (VC0341) and queG (VC0342) genes. In E. coli, together the two systems RIDA and 200 

DDAH prevent oriC over-initiation by rapidly converting the free DnaA-ATP pool to DnaA-201 

ADP. It is possible that in V. cholerae, DDAH has a more prominent role in overcoming the 202 

absence of RIDA, or an as-yet-unknown mechanism may substitute for RIDA. Since RIDA is 203 

one of the primary mechanisms for the conversion of DnaA-ATP to DnaA-ADP in E. coli, it 204 

will be important to understand how DnaA inactivation occurs in V. cholerae. 205 

DnaA regeneration. When replication progresses and cell volume increases, the batch of 206 

DnaA-ADP is progressively converted back to DnaA-ATP, to allow further initiation. DnaA-207 

ATP is exclusively produced through the passive binding of free DnaA proteins to ATP, which 208 
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is abundantly present in the cytosol. Three mechanisms for the production of free DnaA 209 

protein have been identified: de novo translation of DnaA, DnaA-ADP dissociation stimulated 210 

by interaction with membrane phospholipids, and binding to chromosomal sites called DnaA-211 

Reactivating Sequences (DARS1 and DARS2) (31). When these sites are replicated, they 212 

double in copy number, leading to an acceleration in the rate of DnaA-ATP formation. Hence, 213 

the positioning of these sites on the genome is crucial and relocating them to other loci alters 214 

the regulation of oriC initiation (37). In V. cholerae, two DARS analogues, DARS1 and 215 

DARS2, are located at the same positions as in E. coli, at the uvrB and mutH promoters on 216 

Chr1 (Fig. 2B) (38). 217 

Other regulatory mechanisms. E. coli and V. cholerae potentially share additional 218 

mechanisms to regulate DnaA activity and ensure the timely initiation of chromosomal 219 

replication during the cell cycle. In E. coli, the protein DiaA acts as an accessory factor, 220 

facilitating the loading of DnaA onto oriC by interacting with DnaA and promoting the 221 

formation of an active DnaA-ATP complex (39, 40). In V. cholerae, a DiaA/GmhA homolog 222 

encoded by VC0579 contains the L190 and F191 residues in its C-terminal domain, which 223 

are essential for interacting with DnaA in E. coli (39). Another phenomenon observed in both 224 

E. coli chromosome and V. cholerae Chr1 is the arrest of replication during amino acid 225 

starvation, also known as the stringent response. The increase in intracellular (p)ppGpp 226 

levels activates the Lon protease, which specifically degrades DnaA-ADP, inhibiting 227 

replication initiation (41, 42). During the activation of the stringent response, replication forks 228 

that have already formed can complete genome replication. This phenomenon can be used 229 

to synchronize cell populations by inducing stringent response with a serine analogue (serine 230 

hydroxamate - SHX) in both E. coli and V. cholerae (42, 43). Curiously, E. coli and V. 231 

cholerae do not respond similarly to the induction of the stringent response. In E. coli, under 232 

SHX treatment, new rounds of initiation are blocked, the cells complete their replication but 233 

do not divide, resulting in cells with two sets of complete genomes. V. cholerae behaves 234 

differently. Firstly, cell division is not inhibited by SHX. Moreover, after SHX treatment the 235 
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replication process follows three stages: an initial shutdown phase, a restart phase, and a 236 

final shutdown phase. During the first stage, initiation is blocked, the cells complete their 237 

replication and divide. Then, cells re-initiate replication once (second stage), complete it and 238 

ultimately divide (final stage). The end result is daughter cells containing a single set of 239 

genomes (44). These differences suggest a distinct mechanism of stringent response in V. 240 

cholerae compared to E. coli, which would deserve further study. 241 

The control of Chr2 replication initiation resembles that of iteron plasmids but also 242 

involves additional coordination with the cell cycle. 243 

Chr2 origin of replication. Chr2 contains a replication origin (ori2) similar to that found in 244 

iteron plasmids, a class of autonomous genetic elements frequently carrying antibiotic 245 

resistance genes and virulence factors. Iteron plasmids are named after their repetitive and 246 

directed sequences known as iterons, which are organized into an array located at the origin 247 

of replication. Examples of well-known iteron plasmids include RK2, F, R6K, P1, pPS10, and 248 

pSC101 (45). The number of iteron sites in the array can vary, with at least three in oripSC101 249 

and up to seven in oriR6K (Fig. 3). The size of iterons also varies, ranging from 17 bp for oriRK2 250 

to 22 bp for oriR6K. Iteron plasmids encode an initiator protein, typically called "Rep," located 251 

near their origin. Rep proteins bind to the iteron array and introduce torsional forces that 252 

facilitate melting of the double-stranded DNA helix at an adjacent AT-rich region known as 253 

the DNA Unwinding Element (DUE) (46). The iteron origins contain binding sites for host 254 

factors important for replication initiation, such as DnaA and IHF (46). In addition, the Rep 255 

protein binds to its own promoter as a dimer on an operator formed of inverted iteron 256 

repeats. This causes a negative feedback loop limiting the number of Rep proteins in the cell 257 

(47, 48). Some iteron plasmids may contain an inc region ("incompatibility" region) that 258 

contains additional iteron repeats, which are not directly involved in DNA unwinding but 259 

regulate replication initiation (Fig. 3).  260 
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The organization of ori2 in Chr2 resembles that of iteron plasmids. Chr2 encodes its own 261 

initiator protein, RctB, next to the origin. ori2 harbors an array of six regularly spaced iterons 262 

(12-mer), a DUE, a DnaA box and an inc region containing additional iterons. Unlike plasmid 263 

iterons, all iterons in ori2 have a built-in GATC motif that must be fully methylated by Dam 264 

methylase in order to be bound by RctB (29). Furthermore, RctB binds to a second type of 265 

sites that has no similarity to iterons, called 39-mer (39m) or 29-mer (29m) depending on 266 

their size (49, 50). These sites have a negative regulatory role on ori2 initiation. They are not 267 

found in plasmids but conserved in all Vibrionaceae Chr2. Two 39m sites are located in the 268 

inc region and the 29m site is in the rctB promoter (Fig. 3). RctB is thought to bind to the 269 

29/39m as a dimer forming a dyadic structure, but direct experimental evidence is lacking as 270 

there is no published structure of RctB on DNA. 29/39m contain GC-rich imperfect direct 271 

repeats at their ends with an AT-rich intermediate sequence. The GC-rich repeats, which are 272 

recognized by RctB, are on the same side of the DNA helix (49). The 29m site contains an 273 

internal deletion of 10 nt, causing a complete rotation of the DNA helix that does not disrupt 274 

the phasing of the two GC-rich repeats (49). Importantly, unlike the iterons, RctB binding to 275 

29/39m is not influenced by their methylation, as they do not contain GATC motifs. 276 

Comparison of RctB with Rep initiators from iteron plasmids. The large majority of 277 

iteron plasmid replication initiators (Reps) are proteins of about 300 amino acids long and 278 

typically composed of two domains, WH1 and WH2 (Fig. 4 A-C). Each of these domains 279 

contains a winged helix-turn-helix motif that participates in iteron binding. RctB, with its 658 280 

residues, is twice the size of Reps and is divided into four structural domains (I to IV) (51). 281 

Domain II (aa 182-360) and domain III (aa 361-472) of RctB were crystallized together to 282 

form a stable segment of approximately 38 kDa (52). Both of these domains contain a HTH 283 

motif required for DNA binding and are structurally homologous to the WH1 and WH2 284 

domains of Rep initiator proteins (pi, RepE, RepA) (Fig. 4 D). In solution, the Reps exist as a 285 

dimer, in which the interaction occurs between the WH1 domains in a head-to-head 286 

arrangement. The crystal structure of RctB (domains II-III) reveals that the interaction surface 287 
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within the RctB dimer is located between domains II (52). The dimeric head-to-head 288 

organization of Reps and RctB, however, is not consistent with the organization they must 289 

adopt when cooperatively binding to the iteron array. In fact, Reps and RctB are active for 290 

initiation through their monomerization which is performed by DnaK/J chaperones (53, 54). 291 

RctB interacts with DnaK at the K-I site, extending from residues 150 to 163 (55). In the case 292 

of Reps, monomerization can also be achieved when the Rep dimer interacts with an iteron 293 

(56). Whether RctB is monomerized upon DNA binding is unknown. 294 

As already mentioned, RctB contains two additional domains, domain I and IV, located, 295 

respectively, at the N- and C-terminus of the protein's conserved core (Fig. 5 A-B). Domain I 296 

contains a winged HTH DNA-binding motif involved in iteron binding. This domain is 297 

essential for the initiation of replication at ori2. In the model proposed by Orlova et al. (52), 298 

domain I and domains II-III bind to opposite surfaces of the iteron, with domain I and domain 299 

II binding directly to the iteron and domain III binding to adjacent sequences in a non-specific 300 

manner (Fig. 5 C-D). Acquisition of an additional N-terminal DNA-binding domain has been 301 

observed in some Reps, such as TrfA from the RK2 plasmid. Its additional N-terminal DNA-302 

binding domain (DBD), is analogous to the domain I of RctB, and is essential for interaction 303 

with iterons (57). 304 

Unlike domain I, domain IV is not essential for replication initiation, but is involved in Chr2 305 

copy number down-regulation (51, 53, 58). So far, the crystal structure of the domain IV has 306 

not been published. However, modeling shows that it does not resemble any known structure 307 

and is only found in proteins closely related to RctB. The domain IV plays a central role in the 308 

negative regulation of ori2 (51). Although it lacks a DNA-binding domain, domain IV is 309 

essential for binding to 29/39m (51). The same domain IV was shown to promote self-310 

interaction with other RctB. This suggests that two RctB monomers can interact not only 311 

through domain II, but also through domain IV. Mutations that disrupt interactions through 312 

domain IV also prevent RctB from binding to 29/39m sites (51). This suggests that binding of 313 

29/39m may require dimerization of RctB through domain IV.  314 
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Chr2 replication initiation. The minimal ori2 (ori2min) is a compact region of DNA 315 

containing numerous regulatory sequences. The ori2min consists of six regularly spaced 316 

iterons, a DnaA box, an IHF binding site (IBS), and an AT-rich region (DUE). Upon binding of 317 

RctB to the iterons, unwinding of the DNA duplex occurs in the DUE region (Fig. 6A). The 318 

organization and function of the ori2min region are under strict constraints, since neither the 319 

position nor the orientation of these regulatory sites can be changed, nor can the sequence 320 

and spacing of the iterons. Only one iteron can be inactivated at a time, and some cannot be 321 

inactivated at all (59). Both the DnaA-box and the IBS are also essential for Chr2 replication 322 

(59). To promote replication initiation at ori2, RctB binds cooperatively to the six-iteron array 323 

and simultaneously to the DUE lower strand, forming a ternary complex (60). The DUE 324 

contains six regularly spaced direct tetra-nucleotide repeats of 5'-ATCA recognized by RctB. 325 

Formation of the ternary complex requires the binding of the IHF protein downstream of the 326 

iteron array, which causes a 180° bend in the DNA. This bending results in the opening of 327 

DNA at the two ATCA sites closest to the IBS (Fig. 6B) (60). The mechanism of DNA duplex 328 

unwinding by RctB is analogous to that of DnaA (61, 62). In both cases, the initiator protein 329 

oligomerizes on double-stranded DNA and interacts with the single-stranded DNA of the 330 

DUE (Fig. 6B). DnaA interacts with single-stranded DNA through the H/B motif (V211 and 331 

R245 residues) contained in its domain III (63, 64). The region within the RctB protein that 332 

mediates the interaction with ssDNA is still unknown. The subsequent steps involving 333 

replisome recruitment and assembly will be covered in the upcoming section titled "Post-334 

initiation replication stages in V. cholerae” 335 

Control of Chr2 replication initiation - similarities to iteron plasmids.  336 

Iteron plasmids can be present inside the cell at medium to low copy number, so their 337 

maintenance requires tight regulation of replication. There are four main mechanisms for 338 

regulating initiation: autoregulation of the rep gene, titration of the initiator, dimerization of the 339 

Rep protein, and origin handcuffing. These mechanisms have been thoroughly reviewed in 340 

(46, 65-67).  341 
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The mechanisms of titration and autoregulation involve regulating the amount of Rep 342 

available in the cytoplasm. Plasmids contain iteron sites that are not essential for replication 343 

but that regulate the pool of Rep proteins. In many iteron plasmids, the Rep promoter 344 

contains an operator site consisting of two inverted iterons (Fig. 3). In this arrangement, Rep 345 

proteins bind as dimers, obstructing access for RNA polymerase (47, 68-70). This creates a 346 

negative autoregulatory loop to produce Rep protein at the appropriate level for controlled 347 

initiation. Similarly, Chr2 exhibits autoregulation through a feedback loop of rctB expression 348 

(50), which does not rely on inverted iteron repeats but on the 29m site (Fig. 3), which 349 

coincides with the rctB mRNA transcription start site, spanning from position -4 to +25 (50). 350 

Another crucial mechanism regulating replication initiation is the existence of Rep as free 351 

dimers. The dimeric form is considered inactive for initiation since Rep dimers bind less 352 

efficiently to iterons (71). Rep must be monomerized by chaperones to become active (54, 353 

72). As mentioned earlier, RctB also exists as an inactive dimer and is converted into an 354 

active form through monomerization mediated by DnaK/J chaperones (53, 55, 58). It remains 355 

uncertain whether DNA binding triggers RctB monomerization as for Rep. 356 

The final mechanism involves inactivation of the origin through DNA bridging by Rep 357 

proteins, known as "handcuffing". This process occurs when Rep proteins bound to the iteron 358 

array interact with Rep proteins bound to other sites, preventing replication initiation by steric 359 

hindrance (73, 74). Rep proteins can either interact with Rep bound to the same sites on 360 

different plasmids (intermolecular handcuffing) or to different iterons within the same plasmid 361 

(intramolecular handcuffing). For instance, in the plasmid pPS10, RepA proteins bound to a 362 

four-iteron array of a plasmid can interact with those of another plasmid. This intermolecular 363 

handcuffing prevents replication initiation when the copy number of pPS10 increases (75). In 364 

plasmid F, RepE mediates handcuffing between iterons in the ori region and iterons in the inc 365 

region. This intramolecular handcuffing causes DNA looping, leading to inhibition of 366 

replication initiation (76, 77). In the case of Chr2, intermolecular handcuffing is unlikely to 367 

regulate initiation due to the immediate segregation of newly replicated ori2 at two distant 368 

locations in the cell (see section on origin segregation). Thus, similar to the F plasmid, 369 
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intramolecular handcuffing within ori2 must occur. However, this mechanism must differ from 370 

the bridging between iterons from the inc region and the ori2min region. The inc region of 371 

Chr2 contains five regulatory iterons. When these iterons are inactivated, the copy number of 372 

ori2-driven plasmids decreases, indicating that these iterons play a positive role in the 373 

initiation of Chr2 replication, contrary to the iterons in the inc region of plasmid F (49). 374 

Therefore, it has been proposed that Chr2 handcuffing is dependent on RctB bound to the 375 

39m also present in the inc region (49, 53). One may wonder why ori2 acquired a new type 376 

of binding sites for RctB (29/39m), when iteron plasmids already have very tight control over 377 

their replication. For example, the F plasmid is maintained very stable in the population with 378 

a copy number of 1 per cell, while it contains only one type of binding sites for Rep. The 379 

29/39m could therefore be a functional innovation on ori2 that would have led to the 380 

emergence of replication coordination between Chr1 and Chr2. This will be discussed later. 381 

Regulation of Chr2 replication initiation - similarities to that of the main chromosome. 382 

Chr2 has additional levels of regulation of replication initiation that resemble those of Chr1. 383 

The first mechanism links Chr2 replication initiation to DNA methylation status. Like Chr1, 384 

Chr2 harbors an overrepresentation of GATC motifs in its origin. The binding of SeqA at the 385 

hemi-methylated ori2 prevents immediate re-initiation (29). As for ori1, the absence of seqA 386 

provokes an over-initiation at ori2 (29). Interestingly, most iteron plasmids do not show 387 

enrichment for GATC motifs in their origin. The exception is plasmid P1, where full Dam 388 

methylation of GATC sites located near iterons is essential for replication as it facilitates DNA 389 

unwinding at the DUE (78-80).  390 

In addition to SeqA hindering ori2 re-initiation, another control by Dam methylation occurs at 391 

ori2. RctB is only able to bind to fully Dam-methylated iterons (29). In the absence of Dam, 392 

Chr2 initiation is therefore impossible, resulting in cell death (81). The only way to rescue a 393 

dam-deleted mutant is through spontaneous fusion of Chr2 into Chr1 so that it can benefit 394 

from the replicative machinery of Chr1 (81).  395 
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A second mechanism that makes Chr2 regulation related to that of main chromosomes is the 396 

existence of titration sites for the replication initiator. Chr2 has six RctB binding sites (five 397 

iterons and one 39m motif) in a region spanning 74 kb near ori2. These loci are duplicated 398 

early after Chr2 replication initiation and negatively regulate re-initiation by binding RctB 399 

molecules (82). 400 

crtS-mediated synchronization of Chr1 and Chr2 replication termination 401 

Replication termination of Chr1 and Chr2 is synchronized.  Chr1 and Chr2 are replicated 402 

once per cell cycle (83). Overlapping rounds of replication can occur under conditions of 403 

rapid growth, resulting in amplification of regions around the origins, however termination of 404 

replication occurs only once per cell cycle for both chromosomes (84). Chr1 and Chr2 follow 405 

a sequential initiation choreography. Chr1 is initiated first and when it is 2/3 replicated, Chr2 406 

initiates replication (7). Since Chr2 is about one-third the size of Chr1, the two chromosomes 407 

complete replication synchronously. Synchronous termination of Chr1 and Chr2 replication 408 

appears to be an evolutionarily selected trait in the Vibrionaceae (42).  409 

The regulation of ori2 by Dam methylation, by handcuffing with 39m, or by rctB 410 

autorepression may explain how Chr2 replication is limited to once per cell cycle but does not 411 

explain how Chr2 replication is timed to Chr1 replication. A new layer of regulation was 412 

uncovered, directly linking Chr1 replication to Chr2 replication. 413 

The crtS site coordinates Chr1 and Chr2 replication. In 2014, Baek et al. performed a 414 

ChIP-on-chip experiment with RctB and discovered additional binding sites outside of ori2 415 

(82). Among them, RctB bound in an intergenic region of two co-directional non-essential 416 

genes, VC0764 (predicted function of alanyl-tRNA synthetase) and VC0765 (homolog of yfgJ 417 

ECOLI:G7318 in E. coli, no known function) located on the right arm of Chr1, 690 kb 418 

downstream of ori1. This region does not contain any known RctB binding sequence (i.e. 419 

iteron and 29/39 m). This RctB binding region was found to have an enhancing effect on ori2 420 

initiation and, when placed in trans on a plasmid, increased Chr2 copy number (82). In 2016, 421 
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Val et al. demonstrated that this site acts as a timer that triggers the initiation of Chr2 upon 422 

replication on Chr1 (15). They showed that when the Chr1 RctB binding site was moved near 423 

ori1, Chr2 replicated earlier and when it was moved near ter1 (terminus of Chr1), Chr2 424 

replicated later in the cell cycle (Fig. 7). The site was therefore named crtS for Chr2 425 

replication triggering Site (15). Based on marker frequency analysis (MFA), there is a 426 

constant delay between crtS replication and ori2 triggering, which corresponds to the 427 

replication of ~200 kb (Fig. 7), probably due to the time required to recruit and assemble the 428 

replisome. 429 

The sequence of crtS is conserved with a shared synteny in all Vibrionaceae genomes and 430 

the distance between crtS and ter1 is correlated with the size of Chr2 (42). The evolutionary 431 

selection of crtS location on the main chromosome ensures the simultaneous termination of 432 

replication of both chromosomes in all Vibrionaceae (42). Why is synchronizing the end of 433 

replication of Chr1 and Chr2 an evolutionary choice? Could it serve as a backup mechanism 434 

that allows correct segregation of the two chromosomes in coordination with cell division? In 435 

mutants where crtS is displaced on Chr1 and replication termination of the two chromosomes 436 

is no longer synchronous, no growth defects was observed under laboratory conditions (15). 437 

However, it would be necessary to test the growth of these mutants in conditions closer to 438 

their natural environment. 439 

The crtS locus controls not only the timing of initiation, but also the number of Chr2 copies. 440 

By adding more copies of crtS in the V. cholerae genome, the number of Chr2 copies 441 

gradually increases (85). crtS is also active in E. coli and can regulate the copy number of an 442 

ori2-driven plasmid (82, 85). This finding offers the capacity to manipulate the dosage of 443 

genes of interest encoded on an ori2-driven plasmid by modifying the E. coli host with 444 

various numbers of crtS sites (85). 445 

Successive deletion experiments demonstrated that the minimum size of crtS is 62 bp (85). 446 

In crtS-deleted mutants, time-lapse fluorescence microscopy reveals sporadic and infrequent 447 
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instances of Chr2 initiation (15). Although not absolutely essential under laboratory 448 

conditions, the deletion of crtS results in a filamentous phenotype, severely impaired growth, 449 

and DNA damage (15). ΔcrtS mutants are therefore unstable and prone to mutations, such 450 

as genome rearrangements like chromosome fusion, as well as the acquisition of 451 

compensatory mutations in the rctB gene or in ori2 (15, 51).  452 

Mechanism of action of crtS on ori2. The precise mechanism underlying crtS role in the 453 

initiation of Chr2 replication remains unclear, raising two key questions: (1) How does crtS 454 

become activated to initiate replication at ori2 after passage of the replication fork? (2) What 455 

molecular events occur at ori2 when crtS has replicated? 456 

(1) crtS activation upon replication. The passage of a replication fork through a DNA locus 457 

can have many consequences. The most obvious is the doubling of its copy number. The 458 

replicated locus also transitions from a fully methylated to a hemi-methylated state, which is 459 

important for many replication-related mechanisms, such as blocking re-initiation at oriC or 460 

DNA mismatch repair (86). Replication also induces changes in DNA topology, such as the 461 

formation of positive supercoiling upstream of the replication fork (87). Replication forks can 462 

also transiently remove DNA-binding proteins (88). Finally, replication promotes the 463 

structuring of single-stranded hairpins between Okazaki fragments (89). Some of the 464 

consequences of replication fork transitions have been tested for crtS.  465 

The crtS locus is flanked by several GATC methylation sites. Since RctB binding is sensitive 466 

to the methylation state of the iterons, the methylation state of crtS could also be important 467 

for RctB binding at this locus. However, mutation of the GATC sites in the vicinity of crtS had 468 

no effect on its activity (85). 469 

Further studies have shown that crtS duplication alone could be sufficient to send a 470 

replication initiation signal to ori2 (15, 85, 90). Ramachandran et al. set up a system allowing 471 

them to block the replication of Chr1 (by flanking ori1 by the Ter/tus replication fork trap) and 472 

showed that two unreplicated copies of crtS are able to increase Chr2 copy number in a 473 
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subpopulation of cells which suggests that crtS gene dosage may be a sufficient signal to 474 

trigger Chr2 initiation (90).  475 

Ciaccia et al. have discovered that the global regulator Lrp (Leucine Responsive regulatory 476 

Protein) binds to crtS (91). crtS contains in its 5' part the AT-rich sequence 477 

TAGATTTATTCTT very close (12/15 nucleotides) to the Lrp binding site consensus 478 

(YAGHAWATTWTDCTR, (92)). In the ∆lrp strain, the crtS site does not function, and Chr2 is 479 

under-replicated. In vitro, Lrp facilitates the binding of RctB to crtS. Lrp is known to form a 480 

nucleosome-like structure which wraps DNA. This local DNA conformational change could 481 

allow RctB to recognize the crtS site (93). In this aspect, crtS is analogous to DARS-2 in E. 482 

coli, which requires the binding of two Nucleoid Associated Proteins (NAPs), Fis and IHF, to 483 

regenerate DnaA-ATP (94). Moreover, Fis binding to DARS2 was recently shown to fluctuate 484 

during the cell cycle, which is important for coordinating replication initiation (95). Perhaps 485 

just as Fis is key to DARS-2 function, Lrp may be key to sensing replication fork crossing 486 

through crtS. Lrp has already been shown to sense fork crossing in some cases (96). Further 487 

research on crtS regulation by Lrp is needed. 488 

(2) ori2 activation post-crtS replication. Val et al. gained significant insights into the 489 

mechanism of ori2 activation by crtS by studying a mutant called crtSWT/VC23, which contains 490 

two chromosomal copies of crtS located at distant positions (15). In this mutant, an additional 491 

copy of crtS is located near ori1, in addition to the native locus. Using fluorescence 492 

microscopy to observe cells tagged at ori2, they discovered that daughter cells were born 493 

with two ori2, then progressed through a three ori2 stage, and finally reached a four ori2 494 

stage before undergoing cell division. This sequential activation of ori2 replication suggests 495 

that the duplication of a single crtS site activates a single ori2, implying that crtS exerts a 496 

localized effect (15). In vivo, a 3C (chromosome conformation capture) analysis revealed 497 

frequent interactions between the regions surrounding ori2 and crtS, suggesting that the 498 

initiation of Chr2 replication may require a direct interaction between crtS and ori2 (15). Baek 499 

et al. observed that the presence of crtS increases the binding of RctB to iterons and 500 
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decreases its binding to 39m (82). They proposed a model in which crtS could act as a DNA 501 

chaperone by remodeling RctB to alter its binding efficiency to iterons and to the 29/39m 502 

sites at ori2. More recently, it was shown that the effect of crtS on ori2 depends on the 503 

presence of the 29/39m. When the 29/39m sites are mutated, replication at ori2 proceeds 504 

independently of crtS. Furthermore, when RctB is mutated in its domain IV (L651P mutation), 505 

it no longer interacts with 29/39m and initiation at ori2 occurs independently of crtS (51). 506 

Another recent study showed that monomeric RctB mutants (D292R, D314P, A320R and 507 

S313W/D314W) present at the dimerization interface of domain II are insensitive to the 508 

presence of crtS (97). Perhaps the 29/39m handcuffing requires a dimeric form of RctB 509 

interacting through domain II, as is the case for RepE in plasmid F (76). Structural data on 510 

the 29/39m mediated handcuffing would be key to understanding the full mechanism of crtS. 511 

All these compiled results allow us to speculate on a model of ori2 activation by crtS (Fig. 8). 512 

Post-initiation replication stages in V. cholerae 513 

Replisome loading. In bacteria, after DNA melting at the origin of replication, the replication 514 

helicase DnaB is recruited to ssDNA. DnaB forms a ring-shaped hexameric complex. This 515 

complex translocates across ssDNA in the 5′→3′ direction, separating the two DNA strands 516 

before the replisome as it progresses (reviewed in (98, 99)). In E. coli, loading the DnaB 517 

hexamer onto ssDNA requires a loading protein, DnaC, which allows the DnaB hexamer to 518 

open (100). In B. subtilis, this process is provided by a protein called DnaI (101). 519 

Interestingly, the DnaC/DnaI homologs are not present in most bacteria, including V. 520 

cholerae, where their function is performed by the DciA protein. It turns out that DnaC/I 521 

proteins are derived from domesticated prophages and have displaced DciA in some 522 

bacterial lineages, including the most important models of Gram-negative and Gram-positive 523 

bacteria, which are E. coli and B. subtilis (102). In the case of V. cholerae ori1, it has been 524 

shown that the non-DNA-bound DnaB hexamer adopts a partially open conformation, unlike 525 

that of E. coli, and is able to load onto ssDNA without the engagement of a loading protein. 526 

Thus, the DciA protein is not necessary for DnaB loading in V. cholerae. However, DciA has 527 
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been shown to facilitate the loading of DnaB onto ssDNA and affect helicase activity (103, 528 

104).  529 

Recruitment of the helicase to ori2 has yet to be investigated. Several scenarios of this 530 

process have been observed in iteron plasmids (reviewed in (98)). In the case of pSC101, 531 

RepA, DnaA and DnaC are co-participating in the loading of DnaB (105). In contrast, in the 532 

case of plasmid RK2 in Pseudomonas putida, the initiator TrfA-44 can recruit DnaB by itself 533 

((106, 107). Further studies are needed to determine how helicase recruitment occurs after 534 

melting of ori2 by RctB. 535 

Replication elongation. Immediately after DnaB is loaded onto ssDNA, the rest of the 536 

replicon is assembled, comprising a DnaG primase, a clamp loader and a DNA polymerase 537 

III complex (99, 108). From their MFA profile, it appears that the replication of both 538 

chromosomes is bidirectional from ori to ter (Fig. 7) (15). Thus, it is expected that both ori1 539 

and ori2 are loaded with two replisomes, working in opposite directions. MFA of V. cholerae 540 

in exponential phase indicates that the replication rate is constant for the whole genome and 541 

identical for Chr1 and Chr2 (15). This is expected because there are no additional genes 542 

involved in replication on Chr2, neither polymerase nor helicase, so Chr2 replication depends 543 

entirely on the machinery encoded by Chr1. Chromosome conformation capture data show 544 

physical contacts between the bottom third Chr1 and the entire Chr2 during exponential 545 

growth (15). These contacts are lost in the non-replicative stationary phase indicating that the 546 

replication machineries of both chromosomes are in close proximity until termination. 547 

Espinosa et al. developed a new method to capture cohesion behind replication fork named 548 

HiSC2 for High-Resolution Whole-Genome Analysis of Sister Chromatid Contacts (109). 549 

After the passage of the replication fork, the two sister chromatids remain in preferential 550 

contact in certain areas. There are five major regions of cohesion along the genome: ori1, 551 

ori2, dif1, dif2 and around the pathogenicity island VPI-1. Cohesion is not related to 552 

differences in replication fork speed, nor to initiation and termination processes. Presumably, 553 

cohesion is caused by sequence specific unknown factors except for VPI-1. In that case, 554 
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cohesion is due to H-NS protein which extends cohesion within the VPI-1 pathogenicity 555 

island and to a lesser extent on the O-antigen locus. Then, at the end of the cell cycle most 556 

of the cohesion between sister chromatids are released prior to cell division, except near dif1 557 

(109). 558 

Replication termination. When the two replication forks reach the end of each replichore, 559 

they eventually meet in the Ter regions of Chr1 and Chr2. In both E. coli and B. subtilis, there 560 

is an active termination trap system, Tus/ter and RTP/ter, respectively (110). These systems 561 

block fork progression to ensure termination in the Ter region. However, these systems 562 

appear to have been acquired recently by horizontal gene transfer from plasmids (111). V. 563 

cholerae, although closely related to E. coli, has no Tus or RTP homolog. It has been shown 564 

that in V. cholerae, if the ori is relocated, or if an ectopic ori is inserted into the chromosome, 565 

the point of fork convergence is shifted. This convergence point is therefore not dependent 566 

on an active trapping system. Replication spontaneously terminates when two replication 567 

forks meet and merge (111). 568 

CHROMOSOME SEGREGATION AND PARTITION 569 

After replication, the two copies of the bacterial genome segregate towards opposite poles, 570 

allowing each daughter cell to inherit a copy of the genome after cell division. To facilitate 571 

this process, various factors organize the chromosomes to ensure their proper segregation. 572 

These factors have been extensively studied in E. coli, C. crescentus, and B. subtilis. 573 

Currently, there is growing interest in studying these factors in more unconventional bacterial 574 

models, such as V. cholerae or A. tumefaciens (6), where the division of the genome into 575 

multiple replicons poses new questions for investigation. 576 

Chr1 and Chr2 longitudinal arrangement 577 

The organization of bacterial chromosomes can be broadly divided into two categories: 578 

transversal and longitudinal arrangements (112). In the transversal arrangement, which is 579 
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that of the E. coli chromosome, the origin (ori) and terminus (ter) of replication are positioned 580 

in the middle of the cell at the onset of the cell cycle, while the left and right chromosome 581 

arms (replichores) are located on opposite halves of the cell. In the longitudinal arrangement, 582 

the ori and ter are located at opposite poles of the bacterium at the onset of the cell cycle, 583 

and both replichores lie along the longitudinal axis. Based on the spatial location of the ori in 584 

V. cholerae, it was thought that the arrangement of Chr1 and Chr2 in the cell might be 585 

different, since ori1 was polar and ori2 was located near mid-cell (113). However, a more in-586 

depth analysis of the location of 12 loci on Chr1 and 7 loci on Chr2 revealed that both Chr1 587 

and Chr2 are arranged in a longitudinal pattern (114). Chr1 occupies the entire cell length, 588 

with its origin (ori1) located at the old pole and its termination (ter1) at the new pole. Chr2 589 

occupies only the younger half of the cell, with its origin (ori2) at mid-cell and its termination 590 

(ter2) located between the new pole and mid-cell (Fig. 9) (114).  591 

Cell division control 592 

The process of cell division in bacteria involves the formation and assembly of the divisome, 593 

a complex of proteins that are recruited to the division site during the cell cycle. The 594 

assembly of the divisome usually occurs in two stages. In E. coli, the initial stage, which 595 

occurs at about 25-40% of the cell cycle, begins with the FtsZ protein forming a ring-like 596 

structure called a Z-ring in the middle of the cell (115). The Z-ring is anchored to the cell 597 

membrane by a set of proteins (FtsA, ZipA) that are recruited at the same time. In a second 598 

stage, at about 50% of the cell cycle, proteins involved in cell wall remodeling and 599 

chromosome segregation (FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI, FtsN) are recruited to the 600 

divisome (115). The process of septation, which separates the mother cell into two daughter 601 

cells, begins after the arrival of the second set of proteins and continues through the second 602 

half of the cell cycle. In V. cholerae, the timing and choreography of divisome assembly and 603 

cell division are very different from those of E. coli (116). In V. cholerae, all components of 604 

the divisome are located at the new pole at the beginning of the cell cycle and only begin to 605 

migrate to the middle of the cell at about 50% of the cell cycle, where they form a loose pre-606 
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divisional Z-ring (Fig. 9) (116, 117). The remaining cell division proteins join the early 607 

divisome complex in the middle of the cell at about 80% of the cell cycle, and the pre-608 

divisional FtsZ structures fuse into a compact Z-ring (116). The septation process does not 609 

begin until about 90% of the cell cycle, leaving a very short time to complete cell division 610 

(116). This is puzzling considering the short generation time (18 min.) of V. cholerae. 611 

In E. coli, two systems called Min and nucleoid occlusion (SlmA) work together to allow cell 612 

division to occur in the middle of the cell (118, 119). Min directs Z-ring formation to the 613 

middle of the cell by inhibiting its formation at the cell poles. SlmA links Z-ring formation to 614 

the replication/segregation cycle of the E. coli chromosome by preventing its formation over 615 

the nucleoid. Min is composed of three proteins: MinC, which blocks Z-ring formation; MinD, 616 

which activates MinC; and MinE, which regulates MinCD activity. SlmA binds specifically to 617 

DNA and inhibits FtsZ polymerization (120). SlmA binding sites (SBS) are asymmetrically 618 

distributed on the E. coli chromosome and are mostly absent from ter. This allows cell 619 

division to occur only at the very end of the replication/segregation cycle, when the only 620 

chromosomal regions remaining in the middle of the cell are the ter regions, which lack SBS. 621 

V. cholerae has orthologs of Min and SlmA. Although MinD shuttles between the poles in V. 622 

cholerae, Min does not appear to be as important as SlmA in the regulation of cell division 623 

(117). SBS sites are present on both V. cholerae chromosomes except for their ter, and their 624 

distribution has been shown to be the main driver determining the timing and location of 625 

divisome assembly (117). Indeed, the distribution of SBS on Chr1 and Chr2 causes the 626 

confinement of FtsZ to the new pole of nascent cells and then contributes to the delay in Z-627 

ring assembly at midcell, after the bulk of Chr1 and Chr2 has replicated and segregated 628 

(117). 629 

Organization and segregation of the Ter regions 630 

Ter organization. The organization, positioning, and segregation of the chromosome 631 

terminus in bacteria, such as E. coli or V. cholerae, depends on the specific DNA binding 632 
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protein MatP (121). MatP binds to DNA motifs called matS, which are over-represented in 633 

the ter region and also interacts with components of the divisome (122). Through these 634 

interactions, MatP maintains the ter region in close proximity to the division site, thereby 635 

integrating its segregation into the cell cycle. In V. cholerae, both the ter1 and ter2 regions 636 

have matS sites where MatP mediates their spatial confinement (123). However ter1 and 637 

ter2 behave differently prior to segregation. Sister copies of ter1 remain together at mid-cell 638 

until the end of septation, whereas sister copies of ter2 segregate before septation is initiated 639 

(114, 124). Despite this, sister copies of ter2 remain in close proximity to the division site and 640 

continue to collide with each other during septation (123). When Chr2 completes replication 641 

well before Chr1 in a specific mutant strain (where crtS was displaced near ori1), ter2 642 

relocates much earlier to the middle of the cell, remains there until Chr1 completes its 643 

replication, and segregates at about the same time as ter1 (15). This suggests that 644 

colocalization of ter1 and ter2 where cell division occurs is important to coordinate proper 645 

segregation prior to cell division. When MatP is inactivated, the position of ter2 sister copies 646 

is no longer restricted and the number of collision events is significantly reduced. On the 647 

other hand, without MatP, ter1 is no longer tethered to the new pole in nascent cells and 648 

sister chromatids separate earlier in the cell cycle, while remaining near the center of the cell 649 

(123).  650 

Ter segregation. In most bacterial species, circular chromosomes can form dimers by 651 

homologous recombination between sister chromatids, which can compromise chromosome 652 

segregation. These dimers are therefore resolved into monomers by adding a crossover at a 653 

specific site in the ter region, called dif, using tyrosine recombinases (XerC and XerD). FtsK, 654 

a septal protein, plays two roles in this process: it pumps DNA between daughter cell 655 

compartments after divisome assembly but before final septation and activates Xer 656 

recombination by interacting directly with XerD. Polar DNA motifs called KOPS direct the 657 

loading of FtsK onto the DNA and direct the direction of translocation by pointing from the 658 

origin of replication to the dif site. It was found in V. cholerae that KOPS are overrepresented 659 
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and polarized on both Chr1 and Chr2 and that the Chr1 dimer resolution machinery, 660 

XerC/XerD/FtsK, also tightly regulates the resolution of Chr2 dimers, even though their 661 

resolution sites, dif1 and dif2, are divergent (125). In E. coli, FtsK also contributes to the 662 

segregation of sister chromosomes in monomeric form under slow growth conditions but is 663 

primarily involved in the resolution of chromosome dimers under fast growth conditions (126). 664 

In V. cholerae, FtsK is involved in the segregation of monomeric sister copies of Chr1 under 665 

slow and fast growth conditions due to the prolonged presence of ter1 sister copies in the 666 

middle of the cell (126). 667 

Origin segregation 668 

Ori partition systems. Partitioning complexes contribute to the positioning and segregation 669 

of ori regions. V. cholerae has two distinct ParAB-parS systems called ParAB1-parS1 and 670 

ParAB2-parS2 controlling the localization and partition of ori1 and ori2, respectively (113). 671 

ParB1 binds specifically and exclusively to three parS1 sites proximal to ori1 (127) and 672 

contribute to ori1 polar positioning (128). A transmembrane protein called HubP acts as a 673 

polar organizing factor in V. cholerae. HubP interacts directly with ParA1, which in turn 674 

directs the ParB1-parS1 partition complex. As the cell cycle progresses, HubP accumulates 675 

at the new pole, followed shortly by ParB1 and then the newly replicated copy of ori1 (Fig. 9). 676 

In the absence of HubP, the pole anchoring of ori1 is lost, however the partitioning activity of 677 

ParAB1 is retained (129). Disruption of ParAB1 leads to ori1 delocalization from the poles, 678 

but this does not seem to affect the segregation of Chr1. It is possible that ParAB1, as in 679 

other bacteria, has redundant roles with other players in chromosome segregation, such as 680 

cohesins (for example, MukBEF) (128). The polar positioning of ori1 may also promote the 681 

correct sublocalization of certain proteins in the polar region. For example, the ParAB1 682 

system could play a role in launching cell division by driving one of the two SlmA-bound ori1 683 

regions to the new pole, thereby moving FtsZ to the middle of the cell and triggering septum 684 

assembly at the future division site (117, 129). 685 
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Unlike ParAB1, the ParAB2 segregation system of Chr2 is essential (130). In its absence, 686 

segregation problems result in cells without Chr2 that will undergo genomic DNA degradation 687 

and eventually stop dividing and die (130, 131). In plasmids, partitioning systems allow them 688 

to reside in the nucleoid space where they can interact with the chromosome, rather than at 689 

the cell periphery (132, 133). The ParAB2-parS2 system could also be involved in guiding 690 

Chr2 to the nucleoid space. 691 

Interplay between Chromosome Partition and Replication Control. ParAB proteins are 692 

also involved in replication initiation on both chromosomes. Deletion of parB1 leads to over-693 

initiation of Chr1, and this effect depends on the presence of the parA1 gene. The exact 694 

mechanism by which ParA1 stimulates ori1 initiation remains unclear, but it appears to 695 

involve a direct interaction with DnaA (134). A similar interaction between Soj (ParA ortholog) 696 

and DnaA has been reported in Bacillus subtilis, where it promotes initiation (135). On the 697 

other hand, in the case of Chr2, an indirect positive regulation takes place, as RctB does not 698 

interact with ParA2/B2. Instead, regulation occurs through competition for access to DNA 699 

binding sites. ParB2 binds to a parS site located upstream of the parA2 gene, spreading 700 

locally and partially overlapping with a 39m site (see (136) for review). Additionally, ParB2 701 

directly binds to the 5' part of another 39m site, which contains a half parS2 site. Both ParB2 702 

and RctB compete for the binding on this site. As 39m sites are negative regulators of 703 

replication, ParB2 here participates in ori2 activation (85, 137, 138). 704 

 705 

Intra-chromosomal organization 706 

Using 3C, the conformation of both chromosomes was captured and found to be different 707 

(15). While Chr1 adopts an open structure with little interaction of the two replichores, the 708 

replichores of Chr2 are more intertwined and often interact suggesting that structural factors 709 

may act differently on the two chromosomes (Fig. 9) (15). Such intra-chromosomal 710 

interactions, similar to Chr2, have been observed in Bacillus subtilis and Caulobacter 711 
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crescentus and reflect the bridging of the left and right replichores by SMC condensins (139-712 

141). SMC condensins are recruited to parS sites near replication origins and then glide 713 

along the replichores tethering them together (140, 141). Given that V. cholerae has 714 

chromosome-specific ParAB-parS machineries, a structural factor may be specifically 715 

recruited to one of the chromosomes, a hypothesis that would need more investigation. In V. 716 

cholerae, MukBEF-like condensins, similar to that of E. coli, are found. While their function is 717 

critical in E. coli for chromosome positioning and segregation, deletion of mukBEF in V. 718 

cholerae confers no loss of viability and does not alter the positioning and segregation of 719 

Chr1 markers including ori1 (114).  720 

Inter-chromosome interactions 721 

The 3C-derived contact maps reveal trans contacts between the two chromosomes. Chr2 722 

replichores have a high frequency of contacts with the lower third of Chr1. These contacts 723 

start at the chromosome termini (ter1 and ter2) and extend along the chromosomes up to 724 

ori2 for Chr2 and halfway for Chr1 between ori1 and ter1 (15). These contacts are not 725 

observed in stationary phase, implying that they arise from the replication process. The 726 

strong interactions at the termini probably result from the proximity of ter1 and ter2 at the 727 

division site (mediated by MatP) and their common processing by the segregation 728 

machineries (125, 126). Additionally, ori2 on Chr2 exhibits a strong preference for interacting 729 

with the right replichore of Chr1. These interactions start at crtS and strengthen downstream, 730 

with a focus on a specific region on the left side of ori2, near the parS2 partition sites. This 731 

suggests a potential functional interaction that facilitates the action of crtS on ori2 (Fig. 9) 732 

(15). 733 

REFLEXION ON DOMESTICATION OF CHR2 734 

V. cholerae Chr2 is an example of a well-established and conserved secondary chromosome 735 

that has been extensively studied. The evolution of plasmids to megaplasmids and 736 

secondary chromosomes has been widely discussed in the literature, mainly with regard to 737 



29 
 

changes in genetic content (accumulation of accessory genes in megaplasmids and 738 

acquisition of core genes by secondary chromosomes), nucleotide composition 739 

(convergence of overall %GC and codon usage during the long coevolution of chromosomal 740 

and extra-chromosomal replicons) and mobility (plasmids and megaplasmids are often 741 

conjugative or mobilizable, while secondary chromosomes are usually not) (8, 9, 24). The 742 

extensive knowledge of Chr2 presented in this review allows us to look at plasmid 743 

domestication from a different perspective - the evolution of maintenance systems to better 744 

suit the cell cycle, that ensure stable maintenance of large replicons with low copy numbers 745 

in the cell. Compared to other megaplasmids or secondary chromosomes, V. cholerae Chr2 746 

is the best-studied replicon in this regard. 747 

On the one hand, the Chr2 replication system shares similarities with iteron plasmids, but at 748 

the same time its maintenance has undergone a number of adaptations. Some of them, such 749 

as methylation sites in its iterons or crtS-based activation of RctB (81, 85, 142), allow Chr2 to 750 

respond well to the cell cycle and fire its replication at the right time. Others enable the 751 

proper Chr2 segregation and its specific spatial organization in the cell. These are the 752 

parAB2-dependent ori2 partition and the segregation of Chr2 in the closing divisional septum, 753 

by hijacking the host systems originally dedicated for the main chromosome (which is 754 

achieved by the presence and specific organization of such motifs like KOPS or dif in the 755 

Chr2 sequence (143)). 756 

The presence of all these features, which could not have been acquired simultaneously by 757 

the Chr2 ancestor, raises the question of the chronology of evolutionary events during the 758 

domestication of Chr2. The sequence of these events can be proposed on the basis of 759 

observations of different evolutionary forms on the plasmid-megaplasmid-secondary 760 

chromosome continuum in other bacteria, with a particular focus on plasmids carrying 761 

replication systems related to V. cholerae Chr2. 762 
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Only two examples of replicons carrying RctB-like replication initiators have been described 763 

in the literature : megaplasmid pA1066 from V. nigripulchritudo (144) and Chr2 from 764 

Plesiomonas shigelloides (145). In terms of their size, which is 250 kb and 300 kb, 765 

respectively, they could be expected to be much more plasmid-like than V. cholerae Chr2. 766 

These replicons exhibit features that may suggest adaptations at various stages in the 767 

evolutionary trajectory of Chr2. For instance, their iterons contain methylation sites, which 768 

could indicate an early and common adaptation among RctB-type replicons. Additionally, 769 

both replicons carry parAB partition genes located close to their origin of replication (144, 770 

145), as typically observed in replicons larger than 25 kb (133). It is worth noting that pA1066 771 

carries a putative conjugation system and is non-essential (144) while most plasmids larger 772 

than 250 kb are non-mobilizable (146), suggesting the loss of mobility and acquisition of 773 

housekeeping genes as potential late evolutionary events. Interestingly, despite its relatively 774 

small size, P. shigelloides already demonstrates the appropriate organization of the KOPS 775 

motif and putative dif site, suggesting the early utilization of FtsK and XerCD mechanisms in 776 

the division partition (145). This finding indicates that such adaptations can occur relatively 777 

early in the plasmid domestication process. In P. shigelloides Chr1, no crtS-like sequence 778 

was identified, and no synchronization of termination between Chr1 and Chr2 was observed 779 

in the P. shigelloides strain (145). These observations suggest that the crtS mechanism may 780 

have appeared later in the evolution of V. cholerae Chr2. Furthermore, the RctB proteins of 781 

both pA1066 and P. shigelloides Chr2 find a nearly complete structural match to RctB from 782 

V. cholerae Chr2, spanning all four domains. This suggests that the appearance of domains I 783 

and IV likely occurred early in the evolution of RctB. To gain a deeper understanding of the 784 

evolutionary process of plasmids transitioning into secondary chromosomes, it is imperative 785 

to conduct further analysis on the replication of these replicons, as well as other replicons 786 

carrying replication systems related to V. cholerae Chr2. 787 

PERSPECTIVES 788 



31 
 

Vibrio is the best-studied model of bacteria with a bipartite genome in terms of DNA 789 

replication mechanisms. Despite significant progress in understanding the regulation of Chr2 790 

replication, there are still many details that remain unknown. Current research aims to 791 

unravel the full picture of ori2 regulation. These studies include such questions as how the 792 

passage of replication forks through the crtS site is sensed and the role of Lrp in this 793 

process, how crtS alters RctB activity, and how activated RctB affects inactive ori2. Still 794 

unresolved is the mechanism of intramolecular handcuffing in ori2, dependent on 39m and 795 

29m, and the complete structure of the RctB protein, in particular the domain IV, which is 796 

involved in this process. 797 

The limited number of described plasmids and megaplasmids with replication initiators 798 

related to RctB has hindered our full understanding of the evolutionary processes involved in 799 

establishing a multipartite genome. However, recent exploration of databases has now 800 

facilitated the identification of RctB relatives not only in Vibrio but also in strains from 801 

Enterobacterales (145). Conducting comparative genomics and functional studies on 802 

plasmids containing these initiator genes should provide valuable insights into these 803 

evolutionary questions. 804 

Finally, similar analyses should be extended to other important bacterial models with 805 

multipartite genomes, such as Agrobacterium, Brucella, Burkholderia, Leptospira, 806 

Sinorhizobium or Rhodobacter. It should be remembered that the secondary replicons in 807 

each of these groups of bacteria arose independently, from plasmids carrying different 808 

replication systems and in different genetic contexts. Therefore, the mechanisms that govern 809 

their replication and maintenance may be quite different to those described for Vibrio. 810 
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FIGURE LEGENDS 1261 

Figure 1. Genome organization of Vibrionaceae reference genomes. The reference 1262 

strain of E. coli K-12 and 47 Vibrionaceae reference genomes were included in the tree. The 1263 

concatenated sequences of 8 genes (ftsK, gapA, gyrB, mreB, pyrH, recA, rpoA and topA) 1264 

were used for phylogenetic analysis as described by Jiang et al (147). Alignment was 1265 

performed using MAFFT software (148). Phylogenetic tree was made with IQ-TREE 1266 

multicore v2.0.3 (149). 286 DNA models were tested and GTR+F+R6 was selected as the 1267 

best-fitting model to the IQ-TREE -m TESTNEW algorithm according to the Bayesian 1268 

Information Criterion (BIC). The statistical data were derived from 1000 ultrafast bootstrap 1269 

values and 1000 replicates of SH approximate likelihood ratio test (150). The raw data used 1270 

to perform this analysis are in Table S1. 1271 

Figure 2. Replication regulated sequences are highly similar between V. cholerae and 1272 

E. coli. A. Sequence alignment between oriC of E. coli (GenBank: U00096.3) and ori1 from 1273 

V. cholerae (GenBank: CP028827.1) reveals a highly similar organization. The oriC consists 1274 

of a DNA unwinding element (DUE) containing single-stranded binding sites for DnaA (L, M 1275 

and R elements and DnaA trios), as well as a DnaA assembly region (DAR) containing 1276 

double-stranded binding sites for DnaA with strong boxes (R1, R2, and R4) and weak boxes 1277 

(t1, R5, t2, I2, R3, I3). The IHF and FIS binding sequences are highlighted in green and 1278 

yellow respectively. GATC Dam-methylation sites are in bold. B. Alignment of DARS2 site 1279 

from V. cholerae and E. coli. Strong DnaA boxes (I, II, III, V) are highlighted in dark blue and 1280 

weak DnaA boxes (V-c, V-b, V-a) are in light blue. FIS binding site is indicated in yellow. 1281 

Alignments and annotations were retrieved from (30, 31, 95, 151). 1282 

Figure 3. Schematic of the origin organization of iteron plasmids and Chr2 of V. 1283 

cholerae. Initiator genes are displayed in purple and initiator binding sites (iterons and 1284 

inverted repeats) in green. The 29/39m RctB binding sites (specific to Chr2) are shown in 1285 

red. DnaA binding sites are shown in light blue. The incompatibility regions (inc) and DNA 1286 
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unwinding elements (DUE) are indicated. These organization schemes are in scale. The 1287 

replicon sequences were retrieved from the NCBI database (GenBank: pSC101: X01654.1, 1288 

pPS10: X58896.1, R6K: LT827129.1, F: AP001918.1, RK2: CP116242.1, P1: OP279344.1, 1289 

Chr2: CP028828.1). 1290 

Figure 4. Domain II and III from RctB are structural homologues to WH1 and WH2 from 1291 

Rep proteins. A. PiR6K , B. RepApPS10 , C. RepEF , D. RctBChr2. Rep proteins dimerize through 1292 

their WH1 domain, RctB dimerize through its domain II. RepE and RctB dimer structures 1293 

were retrieved from PDB (2Z9O and 5UBF respectively) (52, 152). PiR6K and RepApPS10 dimer 1294 

structures have been predicted using ColabFold v1.5.2 (153) (Fig. S1). Initiator sequences 1295 

were retrieved from replicon sequences present on the NCBI database (pPS10: X58896.1, 1296 

R6K: LT827129.1) 1297 

Figure 5. The RctB initiator is organized into four structural domains. A. RctB is a 658-1298 

residue protein that contains four structural domains I II III and IV. Domains I, II and III are all 1299 

involved in DNA binding via an HTH motif. Domains II and III are structurally similar to the 1300 

WH1 and WH2 domains of iteron plasmid initiators. Domain IV allows oligomerization and is 1301 

dedicated to regulating Chr2 initiation. B. Predicted structure of RctB using ColabFold v1.5.2 1302 

(153) (Fig. S1). C. Structure of RctB with amino acids involved in DNA binding in dark red 1303 

(52). D. Schematic depicting the binding of RctB to the iteron array (six iterons) of the V. 1304 

cholerae Chr2 origin of replication. Note that the precise conformation of RctB to its various 1305 

sites remains an open question. The same color code as in panel A is used throughout the 1306 

figure. 1307 

Figure 6. Model for replication origin opening in Chr1 and Chr2. A. ori1 : The origin of 1308 

replication of Chr1 is a 245-bp-long sequence. It contains three types of predicted DnaA 1309 

binding sites (30, 151) : Strong double-stranded sites (dark blue: R1, R2, R4); Weak double-1310 

stranded sites (light blue: T1, R5, T2, I1, I2, C3, R3, C2, I3, C1); Single-stranded sites inside 1311 

the DNA unwinding element (grey: DUE, red: L, M, R elements, orange: DnaA trios). ori2min 1312 



45 
 

: The minimal Chr2 origin of replication is 258bp long and contains a strong DnaA box, six 1313 

regularly interspaced repeats of 12mer (iterons), an IHF binding site (IBS), and six 1314 

tetranucleotide ATCA repeats inside the DUE (59, 60). B. DnaA and RctB loopback models 1315 

adapted from (60, 61, 154). DnaA and RctB initiators are shown in yellow and purple, 1316 

respectively. For clarity, the oligomerization domains of DnaA (domain I) and RctB (domain 1317 

IV) are not shown. Association of DnaA with ATP is mandatory for binding to weak DnaA 1318 

boxes (dark green circles). For binding to strong DnaA boxes, DnaA can be associated with 1319 

either ATP or ADP (light green circles). IHF is shown in pink, DUE open ssDNA is shown in 1320 

grey. DnaA binding sites are displayed in the same color code as panel A. 1321 

Figure 7. Chr2 initiation is activated by crtS replication, the timing of which can be 1322 

modulated by the distance of crtS from the Chr1 origin. Left panel: Schematic 1323 

representing the replicative state of Chr1 (red) when Chr2 (green) initiation is triggered. The 1324 

blue rectangle indicates the location of crtS when replicated. Middle panel: Schematic 1325 

representation of marker frequency analysis (MFA) of exponentially growing cultures with 1326 

Log2 of the number of reads plotted against their relative position on Chr1 (red) and Chr2 1327 

(green). The blue dashed lines indicate the number of reads of loci where crtS is located 1328 

(crtSVC23, crtSWT, crtSVC963, crtSVC2238). The positions of ori1 and ori2 are set to 0 for a better 1329 

visualization of the bidirectional replication. The difference between the number of reads at 1330 

ter1 and ter2 is shaded in gray and indicated by a double arrow. Figure adapted and based 1331 

on real sequencing data from published work (15). Right panel: Effect of crtS relocation on 1332 

Chr1 and Chr2 termination synchrony. 1333 

Figure 8. Model for coordination of replication between Chr1 and Chr2 by crtS. The 1334 

cooperative binding of RctB to the fully methylated iteron array causes DNA opening and 1335 

RctB oligomerization on the ssDNA DUE (green arrow). RctB binding to the 29/39m sites 1336 

inhibits replication initiation at ori2 by intra-molecular handcuffing and represses its own 1337 

transcription at the 29m (red arrows). Upon replication, crtS triggers ori2 initiation by 1338 

counteracting the inhibitory effect of the 29/39m sites (blue arrows). The four domains of 1339 
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RctB are represented (I-IV). RctB dimers (domain II-interface) are monomerized by the 1340 

DnaK/J chaperones. RctB monomers cooperatively bind to the iteron array. RctB binding to 1341 

the 29/39m requires domain IV mediated interactions. Lrp enhances RctB binding to crtS. 1342 

RctB binding sites are indicated : iteron array (green), 29m and 39m (red) and crtS (blue). 1343 

The iterons present in the inc region have been omitted for clarity. Positive and negative 1344 

regulations are represented by arrows associated with (+) and (-), respectively.  1345 

Figure 9. V. cholerae chromosome segregation and divisome assembly. The single 1346 

flagellum of V. cholerae is shown to be localized at the old pole, while Chr1 and Chr2 are 1347 

arranged longitudinally with their ter regions indicated by broken lines. 3C data is 1348 

represented by dashed arcs, showing interactions between the left and right replichores of 1349 

Chr2. Inter-chromosomal contacts are also shown, with ori2 in proximity to crtS, as well as 1350 

the ter1 and ter2 regions. The partitioning systems (ParAB-parS) of each chromosome are 1351 

represented by colored halos around the replication origins. (I) In nascent cells, HubP is 1352 

present at the old pole along with ori1 and the ParAB1-parS1 partition complex. All cell 1353 

division proteins (early and late) localize to the new pole along with ter1. (II) As the cell cycle 1354 

progresses to ~50%, cells elongate and early cell division proteins move to mid-cell, forming 1355 

a pre-divisional Z-ring. Late cell division proteins remain at the new pole where HubP starts 1356 

accumulating. A duplicated copy of ori1 complexed with ParAB1 is recruited by HubP to the 1357 

new pole. The duplication of crtS has triggered ori2 replication. The duplicated copies of ori2 1358 

moved to the ¼ - ¾ positions of the cell. (III) At ~80% of the cell cycle, all division proteins 1359 

have migrated to mid-cell, assembling into a tighter Z-ring. The ter2 are already segregated 1360 

while ter1 are still at the future division site. (IV) At 90% of the cell cycle, constriction begins 1361 

and HubP is evenly distributed at both poles. ter1 are segregated by FtsK anchored to the 1362 

closing septum.  1363 
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